PURPOSE. Optic nerve cupping in glaucoma is characterized by remodeling of the extracellular matrix (ECM) and fibrosis in the lamina cribrosa (LC). We have previously shown that glaucoma LC cells express raised levels of ECM genes and have elevated intracellular calcium ([Ca 2þ ] i ). Raised [Ca 2þ ] i is known to promote proliferation, activation, and contractility in fibroblasts via the calcineurin-NFAT (nuclear factor of activated T-cells) signaling pathway. In this study, we examine NFAT expression in normal and glaucoma LC cells, and investigate the effect of cyclosporin A (CsA, a known inhibitor of NFAT activity) on [Ca 2þ ] i and ECM gene expression in normal and glaucoma LC cells.
METHODS. [Ca 2þ ] i was measured with dual-wavelength Ca 2þ imaging and confocal microscopy using Fura-2-AM and Fluo-4 under physiological isotonic and hypotonic cell stretch treatment. Human donor LC cells were cultured under normal physiological conditions or using a glaucoma-related stimulus, oxidative stress (H 2 O 2 , 100 lM), for 6 hours with or without CsA. NFATc3 protein levels were examined using Western blot analysis. Profibrotic ECM gene transcription (including transforming growth factor-b1 [TGFb1], collagen 1A1 [Col1A1], and periostin) was analyzed using quantitative real time RT-PCR.
RESULTS. Basal and hypotonic cell membrane stretch-induced [Ca 2þ ] i were significantly (P < 0.05) elevated in glaucoma LC cells compared to normal controls. There was a significant delay in [Ca 2þ ] i reuptake into internal stores in the glaucoma LC cells. NFATc3 protein levels were increased in glaucoma LC cells. CsA (10 lM) significantly inhibited the H 2 O 2 -induced expression of NFATc3 in normal and glaucoma LC cells. CsA also reduced the H 2 O 2 -induced NFATc3 dephosphorylation (and nuclear translocation), and also suppressed the H 2 O 2 -induced elevation in profibrotic ECM genes (TGFb1, Col1A1, and periostin), both in normal and in glaucoma LC cells.
CONCLUSIONS. Intracellular Ca
2þ and NFATc3 expression were significantly increased in glaucoma LC cells. CsA reduced the H 2 O 2 -induced enhancement in NFATc3 protein expression and nuclear translocation and the profibrotic gene expression both in normal and in glaucoma LC cells. Therefore, targeting the calcineurin-NFATc3 signaling pathway may represent a potential avenue for treating glaucoma-associated LC fibrosis.
Keywords: glaucoma, lamina cribrosa, extracellular matrix, intracellular calcium, transcription factors G laucoma is the most common cause of treatable visual impairment in the developed world. 1 It is a chronic neurodegenerative disease characterized by cupping and pallor of the optic nerve head (ONH) and by the slow progressive death of retinal ganglion cells. Histologically, there is remodeling of extracellular matrix (ECM) in the lamina cribrosa (LC) region leading to fibrosis of the LC connective tissue, 2, 3 which is driven in part by profibrotic growth factors such as transforming growth factor-b (TGFb). 4, 5 Fibrosis is attributed to excessive ECM accumulation that ultimately impairs the connective tissues. 6 External stimuli such as oxidative stress, mechanical stretch, and growth factors cause fibroblasts to change their phenotype and differentiate into myofibroblasts. 7, 8 The main features of myofibroblast differentiation are the disproportionate increase in the expression of structural ECM proteins, matricellular proteins, smooth muscle a-actin (aSMA), and TGFb. 7, 9, 10 LC cells have many characteristics of myofibroblasts including the expression of a-SMA, and a marked expression of profibrotic genes and proteins (collagen 1A1 [Col1A1], periostin, fibronectin) upon stimulation with cyclic stretch, 11 oxidative stress, 12 and endothelin. 13 In physiological wound healing, the activity of myofibroblasts is terminated when the tissue is repaired and they later disappear from the wound by apoptosis. 14 In pathologic wound healing, however, myofibroblast activity (associated with a lack of apoptosis) persists and leads to deposition of excessive ECM components in which normal tissue is replaced by permanent fibrotic scar tissue, 15 such as that seen in the LC in glaucoma. 2, 3 Chronic elevation of intracellular calcium ([Ca 2þ ] i ) levels activates downstream Ca 2þ -dependent signaling pathways that can mediate maladaptive ECM remodeling often leading to fibrosis. 16 For example, in the heart, one such pathway is regulated by the Ca 2þ -calmodulin-dependent phosphatase calcineurin, which has been shown to be crucial for pathologic cardiac hypertrophy and fibrosis. 17 ] i signaling and gene expression. 21, 22 Cyclosporin A (CsA) is a calcineurin inhibitor that blocks NFAT dephosphorylation in the cytoplasm, precluding its movement to the nucleus and thereby preventing increased gene transcription levels of profibrotic ECM gene production. 18, 23, 24 In addition, when Ca 2þ entry is blocked or calcineurin activity is inhibited, NFAT is rephosphorylated by NFAT kinases and rapidly leaves the nucleus, and NFAT-dependent gene expression is terminated. 25 CsA is an immunosuppressive and antifibrotic agent used to treat a variety of systemic immunosuppressive conditions including rheumatoid arthritis 26, 27 and also for ocular inflammation, 28 where it has been shown to inhibit fibrosis and inflammatory cell infiltration in conjunctivitis, 29 and in dry eye treatment. 30 We have previously shown elevated baseline and hypotonic cell membrane stretch-induced increase in [Ca 2þ ] i in glaucoma LC cells. 31 -dependent potassium (maxi-K þ ) ion activity. 31 Our results also showed that both sources of cytosolic Ca 2þ elevation (Ca 2þ entry and release from intracellular stores) contribute to the abnormally elevated [Ca 2þ ] i in glaucoma LC cells. 31 Also, the maxi-K activity was sensitive to stretch as gadolinium (stretch-activated Ca 2þ entry channel blocker) significantly reduced the hypotonic stretch-induced increase in maxi-K activity in normal LC cells. 32 In addition, we found that glaucoma LC cells have markers of oxidative stress and mitochondrial dysfunction, 12 and express raised levels of several ECM genes such as periostin, collagen 1A1, and thrombospondin-1. 33 In the current study, we explore the NFAT-calcineurin signaling pathway and investigate the effect of CsA on ECM gene expression in normal and glaucoma LC cells exposed to oxidative stress.
MATERIALS AND METHODS

Experimental Reagents and Solutions
Unless otherwise stated, reagents including chemicals used were analytical grade and obtained from Sigma (Dublin, Ireland).
LC Cell Culture
LC cells were isolated and cultured after retrieval from human eye donors. They were donated to us by Alcon Labs (Fort Worth, TX, USA), approximately every 12 months. They were routinely characterized for markers such as a-SMA stain while being negative for glial fibrillary acidic protein (GFAP) (an astrocyte marker) and ionized Ca 2þ binding adapter molecule 1 (Iba1) (a microglial marker), as previously described. 31, 34 Briefly, freshly thawed human LC cells were obtained from age-matched healthy donor eyes with no history of glaucoma, ocular disease, or other neurologic diseases (n ¼ 7 eye donors) and from donors with confirmed glaucoma (n ¼ 7 eye donors). Newly characterized LC cells were cultured and maintained at 378C with 95% humidified air atmosphere and 5% CO 2 in lowglucose Dulbecco's modified Eagle's medium (DMEM) containing 10% (vol/vol) fetal bovine serum (FBS) and antibiotics. Culture medium was changed twice weekly; cells were maintained in full medium until reaching 80% to 90% confluence and passaged as needed. Passages 4 through 8 were used for experiments.
Hypotonic Cell Stretch and Hydrogen Peroxide Treatments of Lamina Cribrosa Cells
We investigated the effect of two glaucoma-related stimuli (hypotonic cell membrane stretch and oxidative stress) on [Ca 2þ ] i and downstream profibrotic ECM gene transcription. Hypotonic cell membrane stretch involved rapid replacement of the physiological isotonic solution (osmolarity: 323 6 6 mOsm) consisting of (mM): 120 NaCl, 6 KCl, 1 MgCl 2 , 2 CaCl 2 5.4 HEPES, and 80 D-mannitol with hypotonic solution (osmolarity: 232 6 8 mOsm), which was prepared by omitting D-mannitol from the isotonic solution. Oxidative stress involved hydrogen peroxide (H 2 O 2, 100 lM) incubation for 6 hours, looking at the effects on NFATc3 and profibrotic genes such as periostin, Col1A1, and TGFb1 transcription in normal and glaucoma LC cells. To evaluate the effect of CsA on profibrotic gene transcription and NFATc3 expression, both normal and glaucoma LC cells were cultured in DMEM containing CsA (10 lM) overnight before being harvested for experiments. CsA was dissolved in vehicle control ethanol and at the matched concentration (10 lM); the vehicle control had no effect on either NFATc3 protein expression or its dephosphorylation or profibrotic gene transcription. Doseresponse experiments under both hypotonic cell membrane stretch and oxidative stress effects on LC cell viability have been performed, and the hypo-osmolarity (232 mOsm) and H 2 O 2 (100 lM) used had no effect on cell viability. 31, 32 Also, the cytotoxic effect of CsA was tested and no effect was observed on LC cell viability at the concentration used (10 lM) (results not shown).
Calcium Imaging
The dual-wavelength ratiometric Ca 2þ imaging technique, using the membrane-permeable ester of the Ca 2þ -sensitive fluorescent dye Fura-2-AM to measure [Ca 2þ ] i changes, is a standard technique extensively used by numerous laboratory groups worldwide mostly based on the work by Grynkiewicz et al. 35 In the eye, this protocol has been used to measure the [Ca 2þ ] i changes in RPE cells 36 and trabecular meshwork (TM) cells. 37 We previously used Fura-2-AM to record the real-time [Ca 2þ ] i changes in LC cultured cells subjected to hypotonic and cyclic stretch. 31 In brief, confluent LC cells were loaded with 5 lM Fura-2-AM for 45 minutes in darkness at room temperature, washed twice, and kept in Ca 2þ -free physiological isotonic solution (osmolarity was at 323 6 6 mOsm), and then the coverslip was mounted on the stage of an inverted epifluorescence microscope (Diaphot 200; Nikon, Toyko, Japan). A monochromator dual-wavelength enabled alternative excitation at 340 and 380 nm, whereas the emission fluorescence was monitored at 510 nm with an Okra Imaging camera (Hamamatsu, Japan). The images of multiple cells collected at each excitation wavelength were processed using Openlab2 software (Improvision system, London, UK) to provide ratios of Fura-2-AM fluorescence from excitation at 340 nm to that from excitation at 380 nm (F340/F380). All experiments were corrected for background fluorescence before the Fura-2-AM ratio was calculated. The [Ca 2þ ] i . was obtained according to the equation provided by Grynkiewicz et al. 35 :
where the dissociation constant (K d ) was assumed to be 225 nM, R min is the ratio of fluorescence measured at 340 nm ( ] i . During the experiments, which typically take 20 minutes, the pH and temperature are continuously monitored and maintained constant.
To study the release of Ca 2þ from internal stores, the LC cells were washed twice and kept in Ca . Thapsigargin (TG) (1 lM) was added to block the sarcoendoplasmic reticulum Ca 2þ -ATPase (SERCA) pumps, inducing a complete depletion of Ca 2þ from intracellular stores. The isotonic solution was then replaced with hypotonic solution, and CaCl 2 (2 mM) was added extracellularly to facilitate Ca 2þ influx via the store-operated channels that opened because of Ca 2þ store depletion.
Cell Lysate Preparation and Western Blot Analysis
Normal and glaucoma LC cells were plated in T75-mm tissue culture dishes and grown until 90% confluent and placed in serum-free medium for 24 hours. The serum-free medium was then removed and cells were subjected to oxidative stress using H 2 O 2 for 6 hours at 378C with or without CsA treatment. The reaction was stopped by removal of the medium and introduction of ice-cold phosphate-buffered saline (PBS). The crude cell lysate was collected using radio immuno-precipitation assay (RIPA) buffer containing protease inhibitor cocktail, and then the cells were incubated on ice for 5 minutes and subsequently centrifuged for 15 minutes at 17968g at 48C. The cleared supernatant was collected and the protein concentration was quantified using the Bradford method. Protein extracts (20 lg) were electrophoresed on 10% polyacrylamide-SDS gels and transferred to a nitrocellulose membrane. For control and treated samples, equal amounts of protein were loaded in the SDS-PAGE. After blocking, membranes were incubated overnight at 48C with polyclonal antibodies for total (tNFATc3) and phosphorylated NFATc3 (pNFATc3) (1:500; Santa Cruz, Heidelberg, Germany). After washing, membranes were incubated for 1 hour at room temperature with antirabbit IgG-horseradish peroxidase-conjugated secondary antibody (1:10,000; Cell Signaling, Dublin, Ireland). Membranes were reprobed with either anti-b-actin or GAPDH antibody (Cell Signaling) as loading controls. The blots were then processed according to standard protocols using ECL detection system (Fisher Scientific, Dublin, Ireland).
RNA Extraction and Quantitative Real-Time PCR
Total RNA from LC cells was extracted with Tri-Reagent (Life Technologies, Dublin, Ireland); total RNA was converted to cDNA using enhanced avian reverse transcriptase (eAMV), and 2 lg total RNA was used for first-strand synthesis with oligo-dT, deoxynucleotides (dNTPs), and primers. The following genes were analyzed using primers designed on qPrimerDepot and manufactured by Sigma: TGFb1, Col1A1, and periostin (Table) .
To quantify cDNA expression levels, quantitative RT-PCR was performed using a Rotorgene 3000 Real-Time PCR Thermocycler (Labortechnik, Wasserburg, Germany). The cDNA was assayed in triplicate using QuantiTect SYBR Green PCR Master Mix (Qiagen, Manchester, UK). Data are presented as relative fold change of expression of the housekeeping gene Gapdh using the formula 2 ÀDDCT in which CT is the cycle threshold number. 38 
Immunofluorescence Microscopy
To demonstrate that CsA prevents the oxidative stress-induced NFATc3 nuclear translocation, we used immunofluorescence microscopy. The primary human LC cells (passages 4-8) were seeded and grown on the Nunc Lab-Tek II Chamber Slide System (Thermo Scientific, Dublin, Ireland) in DMEM growth medium until confluence was reached. Control nontreated LC cells treated with H 2 O 2 and LC cells pretreated with CsA were used. Cells were fixed in 100% ice-cold methanol for 5 minutes, permeabilized in 0.05% Triton X-100, blocked in 10% goat serum, and rinsed three times with PBS. Cells were incubated overnight at 48C with 1:50 dilution of mouse monoclonal pNFATc3 (sc-365785; Santa Cruz) followed by three washes for 5 minutes with PBS, and then incubated in the dark for 1 hour at room temperature with 1:250 dilution goat anti-mouse IgGFab-specific FITC conjugate (F2653 Sigma Aldrich Ireland) followed by three washes for 5 minutes. Hoechst 33342 (Thermo Scientific) was used as a nuclear counterstain. Images were captured using an Olympus BX51 fluorescent microscope and associated CellSens software (Olympus, Cardiff, UK).
Confocal Microscopy
LC cells were seeded on MatTek glass bottom Petri dishes (MatTek, Ashland, MA, USA) at 1500 cells/cm 2 and grown in DMEM overnight. Loading with fluorescent sensor Fluo-4 FM (2.5 lM) was performed for 30 minutes in Opti-MEM medium in the dark; then the medium was replaced with fresh DMEM and cells were incubated for 30 minutes prior to microscopy. Confocal fluorescence imaging was conducted on the Olympus FV1000 confocal laser scanning microscope with controlled 
CO 2 , humidity, and temperature. The Fluo-4 probe was excited at 488 nm (10% of maximal laser power) with emission collected at 500 to 540 nm. Changes in cytosolic Ca 2þ levels in cells upon treatment with H 2 O 2 (100 lM) were compared to that in cells pretreated overnight with CsA (10 lM). In all experiments, differential interference contrast (DIC) and fluorescence images were collected kinetically with a 360 oil immersion objective in 12 planes using 0.25-lm steps and 4-minute intervals. The resulting z-stacked images were analyzed using FV1000 Viewer software (Olympus), Excel (Microsoft Corporation, Redmond, WA, USA), and Adobe Photoshop and Illustrator (Adobe Systems, Inc., San Jose, CA, USA).
Statistical Analysis
Data were expressed as means of independent experiments, with SE error bars, or representative individual experiments. Statistical significance was analyzed by Student's t-test (2-tailed; paired or unpaired as appropriate) for comparison between two groups and by 1-way analyses of variance (ANOVA) with Tukey-Kramer posttest for multiple comparisons. P < 0.05 was taken as the level of significance (*P < 0.05, **P < 0.01). N refers to the number of eye donors, and n refers to the number of the cells in one experiment. Calculations were performed by the Origin 7.0 software (OriginLab, Stoke Mandeville, Bucks, UK). Densitometric analysis of Western blots was performed using Gene Tools software (Syngene, Cambridge, UK). For confocal microscopy experiments, differences in Fluo-4 intensities were analyzed using the Mann-Whitney U test. ] i transiently increased and was followed by a return to low baseline levels in both normal and glaucoma LC cells (Figs. 2A,  2B ). However, in normal LC cells, the [Ca 2þ ] i returned to basal level within 2 minutes, while the return to baseline took 12 to 14 minutes in glaucoma LC cells (Figs. 2A-C) . When [Ca 2þ ] i was stable again, the extracellular medium was replaced by hypotonic solution and extracellular CaCl 2 (2 mM) was added, resulting in an influx of Ca 2þ via Ca 2þ entry channels. As shown in Figure 2B , the rise of [Ca 2þ ] i after changing the medium to hypotonic solution and reintroducing extracellular Ca 2þ was significantly greater in glaucoma LC cells (P < 0.01), and no recovery to baseline levels was observed over the time course studied in the glaucoma LC cells (Fig. 2C ).
Expression Analysis of NFATc3 in Normal and Glaucoma LC Cells
Using an antibody against the total (phospho þ nonphosphorylated) NFATc3, we found that NFATc3 protein expression was upregulated approximately 4-fold (n ¼ 3, P 0.01) in glaucoma when compared to that in normal LC cells (Fig. 3A) (although the normal LC donor N2 showed a moderate increase in NFATc3 expression level). We next determined whether the expression of NFATc3 in normal and glaucoma LC cells was sensitive to an oxidative stress stimulus. LC cells obtained from different normal and glaucoma eye donors were pretreated with H 2 O 2 (100 lM) for 6 hours, and the levels of NFATc3 protein expression in treated and nontreated LC cells were assessed using Western blotting analysis. Figures 3B and 3C show that NFAT levels were similarly increased in both normal and glaucoma LC cells following H 2 O 2 pretreatment.
Cyclosporin A Reduces the H 2 O 2 -Induced Increase in NFATc3 Protein Expression, ECM Gene Transcription, and NFATc3 Dephosphorylation
A control experiment was first conducted to determine the effective dose of CsA on NFATc3 expression in H 2 O 2 -treated normal LC cells. Western blotting analysis using an antibody against the total (phospho þ nonphosphorylated) NFATc3 demonstrated that 10 lM CsA pretreatment of normal LC cells inhibited the H 2 O 2 -induced increase in NFATc3 protein levels (Fig. 4) , while low concentrations of CsA (1, 2, 5 lM) failed to block the H 2 O 2 -induced increase in NFATc3 protein levels. Based on these data, we used 10 lM CsA in all subsequent experiments. ] i after changing the medium to hypotonic solution and reintroducing extracellular Ca 2þ is significantly greater in glaucoma LC cells (P < 0.01), and no recovery to baseline levels was observed over the time course studied in the glaucoma LC cells. Reported data are representative of seven experiments (72 cells for one set of experiments, N ¼ 7 normal and glaucoma LC cell donors). Note a significant delayed return to baseline level of [Ca 2þ ] i in glaucoma LC cells compared to normal control LC cells (**P < 0.01). (C) Delayed time for cytoplasmic Ca 2þ to return to baseline levels in normal and glaucoma LC cells.
We next evaluated whether CsA reduced the profibrotic ECM gene expression. CsA pretreatment significantly reduced H 2 O 2 -induced expression of the profibrotic ECM genes tested (TGFb1, Col1A1, and periostin) (n ¼ 3, P < 0.01) (Fig. 5) , both in normal and in glaucoma LC cells.
In a follow-up experiment, we evaluated whether CsA contributes to the profibrotic ECM gene expression through a mechanism involving the Ca 2þ -calcineurin/NFAT signaling pathway in normal and glaucoma LC cells. Western blotting experiments were performed in untreated controls and H 2 O 2 -treated normal and glaucoma LC cells in the presence or absence of CsA (10 lM), using an anti-phosphorylated NFATc3 antibody (pNFATc3). Western blot analysis shows that H 2 O 2 significantly reduced the phosphorylated NFATc3 expression levels and this reduction was reversed by pretreatment with CsA (Fig. 6 ). To confirm these results, we used immunofluorescence microscopy to test whether H 2 O 2 treatment induced cytoplasmic NFATc3 dephosphorylation and examine whether this dephosphorylation is inhibited by CsA pretreatment. Figure 7 illustrates a decrease in the cytoplasmic levels of phosphorylated NFATc3 when the LC cells were treated with H 2 O 2 , and this decrease was prevented by pretreating the LC cells with CsA, suggesting that NFATc3 nuclear translocation occurred.
As shown in Supplementary Figure S1 , we also found a marked increase in global [Ca 2þ ] i levels following exposure to 100 lM H 2 O 2 in normal LC cells. In CsA-treated normal LC cells, the H 2 O 2 -mediated elevation of intracellular Ca 2þ was significantly decreased (n ¼ 3, P < 0.05).
DISCUSSION
In this study, we found elevated levels of basal and hypotonic cell membrane stretch-induced [Ca 2þ ] i , with delayed reuptake in glaucoma LC cells, and this was associated with increased expression of NFATc3 in glaucoma LC cells. Both normal and glaucoma LC cells were sensitive to an oxidative stress stimulus. Pretreatment with CsA significantly reduced fibrosis gene (TGFb1, Col1A1, and periostin) expression and reversed the H 2 O 2 -induced reduction in p-NFATc3 both in normal and in glaucoma LC cells.
Changes in cytosolic Ca 2þ concentration play a vital role in intracellular signaling pathways related to proliferation, differentiation, apoptosis, and gene expression. 40 In normal cells, the intracellular Ca 2þ concentration is tightly regulated and kept relatively constant through a variety of homeostatic mechanisms. 40 Ca 2þ influx from the extracellular space and Ca 2þ release from the intracellular sources determine the [Ca 2þ ] i . We previously used single-wavelength flow cytometry (which is most useful for quantitative measurements of [Ca 2þ ] i in a population of cells) to show that intracellular Ca 2þ levels were higher in glaucoma LC cells compared to normal controls. 12, 39 In our current study, we used the radiometric dual-wavelength indicator Fura 2-AM (which has the advantage that it can be used for both quantitative and qualitative data) to measure changes in [Ca 2þ ] i . 35 both basal and hypotonic cell stretch conditions, and this increase was more pronounced in glaucoma compared to normal LC cells (Fig. 1) . The LC cell response to hypotonic stretch in the presence of extracellular Ca 2þ was a typical response characterized by an initial Ca 2þ transient spike phase, which is generated by inositol trisphosphate receptor (IP3-R)-dependent Ca 2þ release from the intracellular stores. 40 The resulting depletion of the Ca 2þ stores by TG generates the activation of several types of cation channels such as storeoperated channels, leading to the sustained [Ca 2þ ] i increase by initiating extracellular Ca 2þ influx. 40 Having demonstrated the contribution of extracellular Ca 2þ to the abnormally raised [Ca 2þ ] i in glaucoma LC cells, we next tested whether the release of Ca 2þ from intracellular stores could also contribute to the abnormally elevated levels of [Ca 2þ ] i found in glaucoma LC cells. Therefore, we experimentally separated intracellular Ca 2þ release from extracellular Ca 2þ influx. The first part of the experiment (Fig. 2) showed that the release of Ca 2þ from intracellular stores also contributed to the defective Ca 2þ homeostasis found in glaucoma LC cells, as removal of the residual external Ca 2þ from the external medium with EGTA followed by TG application resulted in a transient rise of [Ca 2þ ] i , with similar amplitudes in glaucoma and normal LC cells. However, in normal LC cells, the [Ca 2þ ] i returned to basal levels approximately 2 minutes after TG application, while return to baseline took 12 to 14 minutes in the glaucoma cells, indicating a lack of refilling of intracellular stores in glaucoma LC cells. These results complement our previous work, where an increase in SERCA2 and SERCA3 protein expression levels was observed in glaucoma LC cells. 12 Interestingly, the second part of the experiment (Fig. 2) showed that the addition of extracellular Ca 2þ to the hypotonic buffer markedly increased the Ca 2þ amplitude of the sustained phase of Ca 2þ elevation more in the glaucoma than in normal LC cells. This suggests that the Ca 2þ entry channels are operating in a high open probability gating mode, 40 thus generating persistent Ca 2þ influx in glaucoma LC cells. Furthermore, and more importantly, the normal LC cells recovered to baseline Ca 2þ levels in contrast to the glaucoma LC cells after changing back to isotonic solution, suggesting a defect of Ca 2þ extrusion from the intracellular space. The key components that maintain stable Ca 2þ gradients in cells are believed to be plasma membrane Ca 2þ entry channels, ATPdriven pumps (PMCAs), electrogenic exchangers Na þ -Ca 2þ (NCX), and SERCA pumps. 40 In our previous study, 12 we also found that the Ca 2þ extrusion system is altered in glaucoma LC cells. Our data showed that NCX expression levels were significantly lower in glaucoma LC cells, suggesting a defect in Ca 2þ extrusion from the intracellular space. Our results showing elevated [Ca 2þ ] i levels in glaucoma LC cells are very similar to findings in TM cells. 37 There is strong evidence of increased ECM production in the glaucomatous TM 41 resulting in a reduced outflow facility. The paper by He and colleagues 37 shows an increase in cytosolic and mitochondrial Ca 2þ in primary open-angle glaucoma (POAG) TM cells with evidence of mitochondrial dysfunction. The link between the anterior and posterior segments in glaucoma was well discussed in a recent review paper by Sacca and colleagues. 42 Of interest also are papers by Sappington et al. 43 and Niittykoski et al., 44 who also demonstrated increased [Ca 2þ ] i levels in glaucomatous retinal ganglion cells (RGC). 43, 44 Other work in a rodent ocular hypertension model showed that calcineurin is activated in RGCs and participates in RGC death, 45 which was prevented by CsA treatment. ] I will have larger knock-on effects in the intracellular signaling pathways, and we believe that the small but statistically significant increase in baseline [Ca 2þ ] I will have a larger impact on, for example, the NFAT pathway as shown in Figure 3 .
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In addition, intracellular Ca 2þ levels play a key role in neurodegenerative diseases. Several lines of evidence indicate that intracellular Ca 2þ levels are elevated in Alzheimer's disease. 46 Lab-Tek II Chamber Slide System until 60% to 70% confluent and starved in serum-free medium for 24 hours. The serum-free medium was then removed, and cells were subjected to oxidative stress using H 2 O 2 at 378C in the presence or absence of CsA. Cells were then fixed with methanol (100%), and immunofluorescence microscopy was performed to determine the NFATc3 phosphorylation using phosphorylated NFATc3 antibody. Immunofluorescence images were taken before (control) and after addition of H 2 O 2 (100 lM) with or without CsA pretreatment. Note that H 2 O 2 treatment induced a decrease in the cytoplasmic levels of phosphorylated NFATc3 and this decrease was inhibited when LC cells were pretreated with CsA (10 lM).
Ca 2þ
/calmodulin-dependent protein kinase II (CaMKII), which are extremely abundant in synaptic locations. A change in the balance of CaMKII and calcineurin activity causes synaptic and memory damage that subsequently lead to synaptic loss and neurodegeneration. Despite the differences in mechanisms of cell loss, most of the neurodegenerative disorders share some common characteristics, including the contribution of mitochondrial dysfunction and oxidative stress in the development of pathology and, specific for each disease, misfolded proteins that aggregate in the brain. 47 Being the main energy producer in the cell, mitochondria play an important role in the mechanism of apoptosis, Ca 2þ , and redox signaling. 48 The ability of mitochondria to produce reactive oxygen species (ROS) in the electron transport chain has a functional consequence in cell signaling; nevertheless, overproduction of ROS in mitochondria links this organelle to age-related pathology and neurodegenerative disorders. 49 In addition, mitochondria also provide a direct link between environment and genes. 50 We consequently examined and compared the NFATc3 isoform protein expression between normal controls and glaucoma LC cells. NFATc3 protein expression is upregulated approximately 4-fold (P 0.01) in glaucoma LC cells. In addition, both normal and glaucoma LC cells were sensitive to an oxidative stress (H 2 O 2 ) stimulus, as the NFATc3 protein expression levels were similarly increased in both normal and glaucoma LC cells following H 2 O 2 treatment. NFAT is a Ca 2þ -dependent transcription factor that regulates the expression of specific genes through a calcineurin-dependent signaling pathway in various cell types. 19 The NFAT family of transcription factors are highly phosphorylated in the cytoplasm of resting cells. However, an increase of [Ca 2þ ] i levels triggers the opening of ion channels in the plasma membrane, allowing extracellular Ca 2þ influx that activates calcineurin. 20 Calcineurin dephosphorylates NFATc3 to allow its nuclear translocation and ultimately activates Ca 2þ -dependent gene transcription, including profibrotic ECM genes. 17 ,18,21,23 FIGURE 8. Proposed mechanism of profibrotic gene transcription regulation via the calcineurin/nuclear factor of the activated T cells (NFATc3) signaling pathway in LC cells. Intracellular Ca 2þ levels increase in response to stimuli such as TGFb, oxidative stress, and cell membrane stretch resulting in calmodulin saturation, which in turn promotes calcineurin activation. Activated calcineurin dephosphorylates several substrates, including the NFAT transcription factors, which then translocate from the cytoplasm to the nucleus and activate Ca 2þ -inducible genes including those contributing to fibrosis in glaucoma. CsA inhibits calcineurin activation, thereby preventing NFAT dephosphorylation and inhibiting fibrosis. In LC cells, this include ECM genes, the protein products of which inhibit calcineurin, resulting in a negative feedback loop.
Given the extensive number of studies demonstrating a key role for NFAT in driving hypertrophic gene expression in cardiac tissues and fibrosis, [17] [18] [19] [20] [21] [22] [23] we speculate that NFAT plays a similar role in LC cells in glaucoma. In addition to its role in the immune system and cardiac tissues, NFATc3 plays a key role in activating the Ca 2þ /calmodulin/calcineurin/NFAT signaling pathway in pulmonary arterial smooth muscle cells in models of pulmonary hypertension. [51] [52] [53] In the present study, our findings revealed that the blockade of NFATc3 activation with CsA resulted in the downregulation of H 2 O 2 -induced profibrotic gene expression including TGFb1, Col1A1, and periostin in normal and glaucoma LC cells. We also demonstrated that CsA pretreatment significantly reversed the H 2 O 2 reduction in phosphorylated NFAT and its nuclear translocation, indicating that CsA reduces the H 2 O 2 -induced profibrotic gene expression through a mechanism involving the Ca 2þ /calcineurin/NFAT signaling pathway in normal and glaucoma LC cells.
In addition, we further examined the effect of CsA on H 2 O 2 -induced elevation on ''global'' [Ca 2þ ] i levels using confocal imaging where the LC cells were loaded with Fluo-4 to detect cytoplasmic Ca 2þ changes ( Supplementary Fig. S1 ). Treatment of LC cells with CsA resulted in a significant reduction of the global cytosolic Ca 2þ induced by oxidative stress in normal LC cells. In the present study, we utilized two glaucoma-related stimuli (oxidative stress and hypo-osmotic cell membrane stretch) to assess calcium homeostasis in LC cells. Previous glaucoma investigations have identified a key role for oxidative stress 37, 54 and cell stretch. 39, 55 Oxidative and osmotic stress differ significantly, although they display overlapping molecular and signaling responses. In general, oxidative stress is caused by the intracellular accumulation of ROS or a disturbance of the cellular redox state. 56 Oxidative stress signals may come from the environment, but can also be generated internally and may cause molecular damage to protein DNA and membranes. 56 Oxidative stress is associated with mitochondrial dysfunction and elevated cytosolic and mitochondrial calcium in cardiac and other forms of fibrosis. 57 Osmotic stress, however, leads to efflux or influx of water from or into the cell: hyperosmotic stress causes cell shrinking, while hypo-osmotic stress causes cell membrane stretch, calcium influx, 58 and cell swelling. Both stimuli have been shown to activate growth factor expression 59, 60 and profibrotic ECM proteins. 61, 62 In conclusion, we found elevated NFAT expression in glaucoma LC cells. CsA inhibited the oxidative stress-induced increase in NFAT expression and transcription activity and also ECM profibrotic gene expression in normal and glaucoma LC cells. This suggests that inhibition of the NFAT signaling pathway may reduce LC fibrosis in glaucoma (Fig. 8) .
